The retinoblastoma protein pRB and its two homologs p130 and p107 form the family of pocket proteins and play a major role in cell cycle regulation and suppression of human and mouse tumorigenesis. Pocket proteins regulate the activity of E2F transcription factors during G 1 /S transition. Two mechanisms have been described: (i) pocket-protein-binding blocks the transactivation domain of activator E2Fs, inhibiting E2F-dependent transcription; (ii) E2F-bound pocket proteins can recruit chromatin-remodeling proteins containing an LxCxE motif (x encoding any amino acid), resulting in active repression of E2F target genes.
Abstract
The retinoblastoma protein pRB and its two homologs p130 and p107 form the family of pocket proteins and play a major role in cell cycle regulation and suppression of human and mouse tumorigenesis. Pocket proteins regulate the activity of E2F transcription factors during G 1 /S transition. Two mechanisms have been described: (i) pocket-protein-binding blocks the transactivation domain of activator E2Fs, inhibiting E2F-dependent transcription; (ii) E2F-bound pocket proteins can recruit chromatin-remodeling proteins containing an LxCxE motif (x encoding any amino acid), resulting in active repression of E2F target genes.
To investigate the importance of pRB's LxCxE-interacting motif in cell cycle control and tumor suppression, we generated MEFs and mice expressing a mutant pRB protein carrying an asparagine for phenylalanine substitution at position 750, abrogating LxCxE binding. Since p130 may compensate for loss of pRB, we studied pRB N750F activity in the presence and absence of p130. The pRB-LxCxE interaction was not required for cell cycle arrest upon mitogen deprivation and cell-cell contact, but did contribute to RAS
V12
-and radiation-induced cell cycle arrest. Remarkably, the pRB-LxCxE interaction was not required for suppression of in vitro and in vivo transformation, even in the absence of p130. These results indicate that pRB's tumor suppressor activity is not effectuated by active silencing of E2F target genes, but rather by regulation of activator E2Fs or another unidentified mechanism. Furthermore, the in vitro response of pocket-protein-perturbed cells to mitogen deprivation and cell-cell contact seems a better predictor of tumor development than the
Introduction
Loss of the retinoblastoma suppressor gene, RB1, is a frequent event in human cancer.
pRB and its homologs p130 and p107 form the family of pocket proteins and play a key role in cell cycle regulation. They collectively regulate the family of E2F transcription factors, whose activity is essential for the G 1 -S transition. Eleven E2F transcription factors have been identified, classified as 'activator E2Fs' (E2F1, E2F2 and E2F3a) and 'repressor E2Fs' (E2F3b, E2F4, E2F5, E2F6a, E2F6b, E2F7a, E2F7b and E2F8). Whereas pRB can interact with E2F1-4, p130 and p107 interact with E2F4 and E2F5. E2F6-8 do not bind pocket 
Materials and Methods

Constructs
The 6xE2F-luciferase reporter, CMV-HA-E2F1, CMV-HA-E2F4, CMV-Renilla and pJ3-mRb were provided by Dr. R. Bernards, GAL4-TK-luciferase by Dr. R. Medema and pECE-pRbΔcdk-HA by Dr. J. Lukas. Addition of an N-terminal HA-tag to pRB, mutation of the Rb cDNA and cloning into pcDNA3.1(-) is described in Supplementary Methods. GAL4-pRB vectors were generated by cloning PCR- 
Cell culture
MEFs were cultured with 100 units/ml penicillin (Invitrogen/Gibco) and 100 μg/ml streptomycin (Invitrogen/Gibco). Production of retroviruses, retroviral infections and soft agar plating was performed as described (20). For serial infections, MEFs were cultured in non-virus containing media for at least 36 h between infections and reseeded before infection to obtain optimal cell density.
Proliferation curves
Cells were seeded in triplicate at a density of 2. acetic acid/well and the optical density at 590 nm was measured using a microplate reader (M200 Tecan). histologically; blood was collected into heparinized tubes and diluted 2x in PBS. Red-and white blood cell counts were determined using a Coulter-counter.
Cellular preparations and FACS analysis
Cell populations from spleen, bone marrow, blood (leukocytes) and thymus were stained in antibody cocktails and analyzed by FACS as described in the Supplementary methods.
Results
Mutating the LxCxE binding site of pRB impairs transcriptional repression
Binding of pRB to LxCxE-containing proteins involves four conserved residues in the We introduced the corresponding N750F substitution in murine pRB and found this to fully abrogate interaction with the LxCxE containing protein SV40 large T antigen (TAg) ( Figure   1A Figure 1B , lanes 9 to 11). Also without ectopically-expressed E2F1, pRB wt and pRB N750F repressed the luciferase reporter, whereas pRB C699F did not ( Figure   1C ). These experiments demonstrate pRB N750F to effectively block E2F transactivation activity.
E2F4 generally acts as a transcriptional repressor (12, 13) , likely by forming E2F4-pocket protein-chromatin remodeling complexes. However, E2F4 can also function as a transcriptional activator (31) ( Figure 1D , compare lanes 1 and 2). pRB N750F only partly repressed the E2F-luciferase reporter induced by E2F4 ( Figure 1D , compare lanes 2, 3 and 4).
We propose that pRB wt suppressed E2F4-mediated transcription by simultaneously inhibiting transactivation and forming E2F4-pRB-chromatin remodeling complexes and that pRB N750F was impaired in the latter. Consistently, when pRB was fused to a GAL4-DNA binding motif, targeting pRB to a co-transfected GAL4-TK-luciferase reporter, pRB N750F was severely, but perhaps not completely, impaired in repressing transcription ( Figure 1E ).
We conclude that pRB N750F is able to bind E2F transcription factors but unable to establish complete transcriptional repression, likely because it is impaired in recruiting chromatin remodeling complexes. Strikingly, derepression was not enhanced by the absence of p130 (Fig. S1C) . Thus, the pRBLxCxE interaction contributes to repression of E2F target genes in a physiological setting. 
E2F target gene expression in
Cell cycle regulation in
Mitogen deprivation and confluency
Bypass of cell cycle arrest in response to mitogen deprivation or cell-cell contact only occurred upon the combined loss of pRB and p130 ( Figure 5D and B, respectively), 
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Discussion
Given the proposed role of the pRB-LxCxE interaction in silencing of E2F target genes (4,14), we asked whether this interaction is essential for pRB's role in cell cycle regulation, development and suppression of tumorigenesis. To this aim, we abrogated the LxCxE binding site of mouse pRB by substituting asparagine at position 750 for phenylalanine. pRB N750F retained the ability to inhibit E2F1 transcriptional activity, but was unable to bind an LxCxE-containing protein and to effectively mediate E2F4-dependent transcriptional repression. We introduced the N750F substitution at the endogenous Rb gene and studied its consequences in the absence of p130.
The role of pRB-LxCxE interactions in cell cycle regulation
We found the pRB-LxCxE interaction to contribute to growth inhibition in response to γ-irradiation and expression of RAS V12 , but not after growth factor deprivation or contact inhibition.
Growth factor deprivation and ionizing radiation
Although serum starvation was found to induce pRB-and HDAC1-dependent deacetylation and silencing of the Cyclin E promoter (15) 
In vivo significance of pRB-LxCxE interaction
Our in vitro experiments show that ablation of the pRB-LxCxE interaction attenuated cell cycle arrest upon γ-irradiation and expression of RAS V12 , but did not alleviate cell cycle arrest upon serum starvation or cell-cell contact and was not sufficient to support anchorageindependent growth. It was therefore of interest to determine whether recruitment of LxCxE- 
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Vormer For each analysis, two independent experiments were performed and carried out in triplo (Fig. 1B, C and E) or in duplo (Fig. 1D) ; a representative experiment is shown. and Rb -/-p130 -/-MEFs were infected with pEYK-TBX2 and subsequently with pBABE-RAS V12 -puro and then plated in soft agar. Pictures were taken after 2 weeks using a nonphase-contrast lens (2.5x magnification) in (A) and a phase-contrast lens (5x magnification) in (B). RAS V12 and TBX2 were expressed at comparable levels in the two cell lines (not shown). 
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